Microtubule-interfering cancer drugs such as paclitaxel (PTX) often cause chemoresistance and severe side effects, including neurotoxicity. To explore potentially novel antineoplastic molecular targets, we investigated the cellular response of breast carcinoma cells to short hairpin(sh)RNA-mediated depletion of the centrosomal protein transforming acidic coiled coil (TACC) 3, an Aurora A kinase target expressed during mitosis. Unlike PTX, knockdown of TACC3 did not trigger a cell death response, but instead resulted in a progressive loss of the pro-apoptotic Bcl-2 protein Bim that links microtubule integrity to spindle poison-induced cell death. Interestingly, TACC3-depleted cells arrested in G 1 through a cellular senescence program characterized by the upregulation of nuclear p21 WAF , downregulation of the retinoblastoma protein and extracellular signal-regulated kinase 1/2, formation of HP1c (phospho-Ser83)-positive senescence-associated heterochromatic foci and increased senescence-associated b-galactosidase activity. Remarkably, the onset of senescence following TACC3 knockdown was strongly accelerated in the presence of non-toxic PTX concentrations. Thus, we conclude that mitotic spindle stress is a major trigger of premature senescence and propose that the combined targeting of the centrosomal Aurora A-TACC3 axis together with drugs interfering with microtubule dynamics may efficiently improve the chemosensitivity of cancer cells.
Introduction
The mitotic spindle apparatus is a major target in chemotherapy. Mitotic stress evoked through spindle poisons such as paclitaxel (PTX) can impair proper chromosome capture by microtubules and arrest cell cycle progression through the activation of the spindle assembly checkpoint (Kadura and Sazer, 2005) . This checkpoint monitors the occurrence of unattached kinetochores (Khodjakov and Rieder, 2009) . Although entry into anaphase is delayed through the impaired degradation of cyclin B, cells can evade the spindle assembly checkpoint through mitotic slippage, resulting in aneuploidy and chromosomal instability (Brito and Rieder, 2006) . These cells then become arrested in G 1 through the activity of the post-mitotic checkpoint that depends on prolonged mitosis and stabilization of the tumor suppressor protein p53 (Blagosklonny, 2006b; Demidenko et al., 2008) .
In aneuploid and tetraploid cells, p53 can induce either cell cycle arrest or apoptosis (Yu and Zhang, 2005) . The former is controlled via p53-mediated transactivation of the cyclin-dependent kinase inhibitor p21 WAF , whereas apoptosis often involves induction of several pro-apoptotic proteins of the Bcl-2 family, including Puma and Noxa (Yu and Zhang, 2005) . As an alternative to apoptosis, cells can undergo permanent cell cycle arrest by cellular senescence, which is typically characterized by growth arrest, apoptosis resistance and altered gene expression (Campisi and d'Adda di Fagagna, 2007) . Cellular senescence can be either triggered through telomere shortening (intrinsic or replicative senescence) or initiated by various stress stimuli, for example, DNA damage, oxidative stress or oncogene activation (extrinsic or stress-induced premature senescence (SIPS)) (Roninson et al., 2001; Ben-Porath and Weinberg, 2005; Blagosklonny, 2006a) . Although cells undergoing replicative or premature senescence are metabolically active, they are unable to synthesize DNA even in response to growth factors. Interestingly, pharmacological targeting of microtubule dynamics by PTX or microtubule disruptors can efficiently elicit a premature senescence program (Blagosklonny et al., 2006; Tierno et al., 2009) . Pro-senescent stimuli converge in the activation of the p53-p21 WAF and the p16
INK4a
-retinoblastoma pathway (Roninson et al., 2001; Ben-Porath and Weinberg, 2005) . However, as p16
INK4a is often mutated in tumor cells, its senescence-inducing function is mainly restricted to non-transformed cells (Kim and Sharpless, 2006) . Senescent cells typically display a flattened, enlarged morphology and most prominently express the so-called senescence-associated b-galactosidase activity in their lysosomes, which serves as a surrogate marker for senescence (Collado and Serrano, 2006) . In addition to these biochemical and morphological changes, senescent cells are characterized by the occurrence of chromatin changes, including focal HP1 recruitment and formation of senescence-associated heterochromatic foci . Overall, premature senescence represents an important safeguard program that protects cells against exogenous and endogenous stress stimuli and thereby influences the development of cancer and aging (Campisi and d'Adda di Fagagna, 2007) .
The MCF-7 breast carcinoma cell line is relatively insensitive toward many chemotherapeutic agents and represents a widely used model system for the analysis of chemoresistance in breast cancer (Simstein et al., 2003) . As MCF-7 cells do not express a functional caspase-3 gene product, DNA fragmentation and typical apoptotic alterations are reduced following exposure to DNA damage-inducing agents (Ja¨nicke et al., 1998; Essmann et al., 2004) . Consequently, high concentrations of chemotherapeutic agents are usually required to induce cell death through the sequential activation of caspase-9, -7 and -6 (Liang et al., 2001) . Instead, MCF-7 cells readily undergo cellular senescence in response to DNA damage induced for instance by g-irradiation (gIR) (Essmann et al., 2004) .
The mammalian transforming acidic coiled coil (TACC) family of centrosomal proteins consists of three members (TACC1-3), which function as important structural components of the mitotic spindle apparatus (Gergely, 2002) . TACC proteins are evolutionarily conserved and regulate centrosome integrity, centrosome-dependent assembly of microtubules and spindle stability during mitosis (Gergely et al., 2003; Cassimeris and Morabito, 2004; Schneider et al., 2007; Yao et al., 2007) . Thereby, TACC3 is predominantly expressed during the G 2 /M phase of the cell cycle, where it localizes to the centrosome and spindle apparatus (Piekorz et al., 2002) . TACC3, but not the related isoform TACC2 (Schuendeln et al., 2004) , is required for efficient cell proliferation and cell survival, as indicated by its crucial role during embryogenesis (Piekorz et al., 2002; Yao et al., 2007) . Disturbances of centrosome function have also been implicated in tumorigenesis (Zyss and Gergely, 2009) . Intriguingly, aberrations of TACC3 expression are associated with the etiology of ovarian, bladder and non-small-cell lung cancer (Lauffart et al., 2005; Jung et al., 2006; Kiemeney et al., 2010) . Moreover, we have recently shown that the cellular outcome of mitotic stress induced by TACC3 depletion is decisively determined by the status of the post-mitotic G 1 checkpoint. Whereas TACC3-deficient murine fibroblasts with functional post-mitotic checkpoints enter a reversible G 1 and G 2 arrest, checkpointcompromised cells rapidly succumb to mitotic cell death and polyploidization (Schneider et al., 2007 (Schneider et al., , 2008 . Given that centrosomal localization of human TACC3 requires its phosphorylation by Aurora A kinase at Ser558 (LeRoy et al., 2007) and because pharmacological inhibition of Aurora A kinase induces premature senescence (Huck et al., 2010) , we explored here (i) whether senescence is the prevailing outcome of TACC3 reduction in G 1 checkpoint-proficient transformed and non-transformed breast epithelial cells and (ii) to which extent their chemosensitivity against PTX can be modulated by targeting TACC3 expression.
Results and discussion
We compared cellular stress responses of MCF-7 and MCF-7/caspase-3 cells toward treatments that interfere with microtubule assembly, such as the drug PTX and depletion of TACC3 that was achieved via an inducible RNA interference approach (Schneider et al., 2007) . Both cell lines were engineered to express control or TACC3-specific shRNAs upon doxycycline (DOX) treatment (Supplementary Material & Methods) . Consistent with earlier studies (Janssen et al., 2007) , prolonged treatment with increasing doses of PTX (10 and 100 nM) elicited a strong cell-death response in both MCF-7 lines that was comparable to that induced by the topoisomerase inhibitor etoposide (Figures 1a and b) . As demonstrated previously (Essmann et al., 2004) , exposure of the cells to gIR, on the other hand, led to a reduced apoptotic response when DNA fragmentation was determined ( Figure 1a ). Interestingly, mimicking microtubule stress by short hairpin(sh)RNA-mediated silencing of TACC3 expression completely failed to induce death of either cell line even after the prolonged absence of TACC3 for up to 6 days (Figures 1a-c). Consistent with these findings, TACC3 depletion, but not PTX treatment, was associated with reduced levels of Bim, a pro-apoptotic BH3-only protein that is activated by microtubule-disrupting agents and that links microtubule integrity to spindle poison-induced cell death (Ley et al., 2005) . All three isoforms of Bim were downregulated in MCF-7 cells upon TACC3 depletion for 4-6 days (Figure 1d ), whereas the level of the anti-apoptotic protein Bcl-x L remained unaltered at these time points (data not shown). Thus, these data imply that the reduction of Bim expression might be the reason for the apoptosis-resistant phenotype of TACC3-depleted cells. In agreement with this hypothesis are recent reports demonstrating that Bim is an important mediator of apoptosis induced by microtubule-interfering agents such as PTX (Janssen et al., 2007; Li et al., 2007) , although contrary reports also exist (Czernick et al., 2009 ).
Given the absence of a cell death response upon TACC3 depletion, we next addressed a possible role of TACC3 in regulating the commitment of cells to premature senescence. Within 2-4 days, shRNAmediated depletion of TACC3 resulted in a strong inhibition of MCF-7 cell proliferation, as evidenced by the progressive accumulation of cells arrested in G 1 and a decline in bromodeoxyuridine incorporation as a marker for DNA synthesis (Supplementary Figure 1a) . Consistently, these cells developed several signs of a senescent phenotype, including a flattened and enlarged morphology and increased expression of senescenceassociated bgal activity, while these events were not evident in cells expressing the control shRNA (Supplementary Figure 1b) . Furthermore, as MCF-7/caspase-3 cells became also senescent upon TACC3 depletion to a comparable extent as observed upon irradiation (Supplementary Figure 2 ), our results demonstrate that caspase-3 is not a decisive parameter in this stress response.
The cell cycle arrest of TACC3-depleted MCF-7 cells was accompanied by a strong induction of p53 followed by its nuclear translocation (data not shown). Accordingly, the p53 target gene p21 WAF , a cyclin-dependent kinase inhibitor, was efficiently induced upon TACC3 depletion, whereas expression of the p53-independent cyclin-dependent kinase inhibitor, p27 KIP , remained unchanged (Supplementary Figure 3a) . Furthermore, TACC3 depletion correlated with increased levels of cyclin D1 (Supplementary Figure 3a) , which was predominantly confined to the cytoplasm (Schneider et al., 2008 and data not shown) and which is consistent with its function in G 1 arrest and senescence (Kortlever et al., 2006) . In contrast, protein levels of the G 2 /Massociated cyclins A and B1 were strongly reduced upon prolonged TACC3 depletion (Supplementary Figure 3a) , thus excluding a major contribution of the G 2 checkpoint in the post-mitotic arrest caused by TACC3 depletion. Moreover, the induction of senescence in TACC3-depleted cells was associated with a rapid decrease of the retinoblastoma protein (pRb) (Supplementary Figure 3b ). Inhibition of pRb is a typical event during progression of senescence and has been reported to be mediated by elevated levels of p21 WAF that promote pRb degradation in response to DNA damage (Broude et al., 2007) . Another noticeable feature of TACC3-depleted MCF-7 cells was the strong increase of HP1g (phospho-Ser83)-positive SAHF in addition to an abundant expression of nuclear p21 WAF (Supplementary Figure 4) . Thus, senescence induced by the depletion of TACC3 is accompanied by the reduction of pro-apoptotic and mitogenic components, whereas proteins involved in cell cycle arrest were found to be upregulated.
We have recently shown that TACC3 depletion sensitizes NIH3T3 fibroblasts to PTX-induced cell death, indicating that spindle poisons and downregulation of TACC3 elicit similar signaling pathways in cellular stress responses (Schneider et al., 2008) . Indeed, the onset of senescence of two independent TACC3 shRNA-expressing MCF-7 clones could be strongly 
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accelerated by simultaneous treatment with a subtoxic dose of PTX (Figure 2) . Thereby, 50-60% of TACC3 shRNA-expressing cells additionally treated with a low PTX dose of 1 nM showed after 3-4 days a prominent senescence-like morphology that was accompanied in up to one-third of the cells by a particular strong senescence-associated b-galactosidase activity (Figure 2a ). On the other hand, cells subjected to TACC3 knockdown or PTX treatment alone showed a significantly weaker senescent phenotype. This cooperative effect of TACC3 depletion and a low PTX dose was also clearly evident from the quantitative characterization of cells using both nuclear p21 WAF and HP1g (phospho-Ser83)-positive senescence-associated heterochromatic foci formation as senescence markers (Supplementary Table 1 ). Thus, subtoxic levels of PTX strongly amplify senescence triggered by TACC3 depletion.
As extracellular signal-regulated kinase (ERK)1/2-dependent phosphorylation targets Bim for proteasomal degradation, thereby protecting cells from apoptosis (Mollinedo and Gajate, 2003) , we investigated whether this pathway mediates the reduction of Bim upon TACC3 depletion. Inhibition of Downregulation of TACC3 induces cellular senescence S Schmidt et al ERK1/2 activity through the specific MAP kinase kinase (MEK) inhibitor, PD98059, however, failed to restore Bim protein levels in TACC3-depleted MCF-7 cells (data not shown), suggesting that an ERK1/2-independent mechanism was responsible for the loss of Bim. In agreement with this observation, we found that Bim mRNA levels were reduced upon TACC3 depletion (data not shown). Despite our observation that the MEK/ERK pathway was probably not involved in the decrease of Bim, we investigated the effect of TACC3 depletion on ERK1/2 activation, as MAP kinases are known to trigger opposing effects. For instance, upon spindle damage, MAP kinases regulate mitotic cell progression and cell survival (Mollinedo and Gajate, 2003) , whereas the Ras/Raf/MEK/ERK pathway has also antiproliferative functions (Cagnol and Chambard, 2009 ). Unexpectedly, MCF-7 cells undergoing senescence upon TACC3 depletion displayed strongly reduced protein levels of ERK1/2 (Supplementary Figure 5a) . At the same time, and in accordance with high phospho-EGFR and Ras GTP as well as elevated phospho-MEK1/2 levels, the amount of phospho-ERK1/2 remained high upon TACC3 knockdown (Supplementary Figure 5a ). However, in vitro kinase assays using immunoprecipitated ERK1/2 failed to detect an overall increase of ERK1/2 activity upon TACC3 depletion when compared with the ERK1/2 activity from control cells ( Supplementary  Figures 5b and c) . Phosphorylation of ERK1/2 normally leads to its translocation into the nucleus and transactivation of proliferation-relevant genes (Torii et al., 2006) , an event that is terminated by the subsequent export of phospho-ERK1/2 into the cytosol (Horgan and Stork, 2003) . Interestingly, while the relative distribution of ERK1/2 Model summarizing the role of the Aurora A-TACC3 axis in regulating commitment to premature senescence. Aurora A kinase phosphorylates TACC3 and thereby regulates its mitotic localization (LeRoy et al., 2007) . Interestingly, (i) small molecule-mediated inhibition of Aurora A by MLN8054 or Aurora A depletion (Huck et al.) , (ii) knockdown of TACC3 (this study), and (iii) reduction of the centromeric protein CENP-A (Maehara et al.) , all trigger a comparable premature senescence response preventing propagation of defective mitoses. CENP-A itself is regulated by phosphorylation in a cell cycle-dependent manner through both Aurora A in prophase and Aurora B in metaphase (Kunitoku et al., 2003) .
in the cytoplasm and nucleus was comparable in TACC3-depleted and control cells, suppression of TACC3 expression led to a profound increase of phospho-ERK1/2 in the cytosolic fraction (Supplementary Figure 5d ). This finding is in line with the observation that elevated cytosolic levels of phosphorylated ERK1/2 are required for Ras-induced senescence (Gaumont-Leclerc et al., 2004) , whereas nucleartargeted ERK1/2 delays the onset of senescence (Tresini et al., 2007) . Retention of phospho-ERK1/2 in the cytoplasm might promote senescence through attenuating the phosphorylation of nuclear ERK targets, thus explaining why increased ERK activation is associated with induction of senescence (Blagosklonny, 2006a; Cagnol and Chambard, 2009) . Recent studies using time-lapse microscopy have revealed profound intra-and interline variations of cancer cell lines in their response to antimitotic drugs (Gascoigne and Taylor, 2008; Shi et al., 2008) . Given this observation, we expanded our work and assessed the role of TACC3 in regulating senescence in an alternative cell system, namely immortalized MCF10a breast epithelial cells expressing either an inducible control or TACC3 shRNA. Strikingly, and comparable to MCF-7 cells subjected to TACC3 knockdown, TACC3-depleted MCF10a cells displayed a very strong antiproliferative response, failed to undergo cell death, and instead were driven into cellular senescence (Figures 3a-e and data not shown). This response was characterized by the appearance of typical senescence markers, that is, senescence-associated b-galactosidase staining, increased cell size, and in particular a strong staining for nuclear p21 WAF /HP1g (phospho-Ser83)-positive senescence-associated heterochromatic foci (Figures 3f-g ).
It is debated whether and under which conditions senescence might be irreversible and which molecular features are required to maintain senescence growth arrest. To investigate whether premature senescence could be eventually reverted, we treated MCF-7 cells with DOX for 6 days in order to deplete TACC3 and to trigger senescence. Thereafter, cells were either continued to grow with DOX or further cultured in DOX-free medium. Interestingly, TACC3 depletion-induced cellular senescence of MCF-7 cells seemed to be indeed reversible, since upon DOX withdrawal a clear cell accumulation was observed (Figure 4a) . Thus, cells kept in the absence of DOX apparently resumed proliferation, in contrast to cells maintained under DOX incubation. It is noteworthy that there are also reports in the literature indicating that different forms of senescence might be reversible. For instance, a previous study demonstrated that non-proliferating cells can be mitotically reactivated by the sole suppression of cyclin-dependent kinase inhibitors (CKIs) in the absence of exogenous mitogens (Pajalunga et al., 2007) . RNA interference-mediated suppression of CKIs efficiently triggered mitosis in terminally differentiated skeletal muscle cells, quiescent fibroblasts and senescent embryo kidney cells. Similarly, it has been shown that injection of anti-p53 antibodies or the acute removal of pRb can reactivate the cell cycle in senescent cells (Gire and Wynford-Thomas, 1998; Sage et al., 2003) . Thus, these findings implicate that senescent growth arrest can not be reversed by known physiological signals, but upon restoration of TACC3 expression or depletion of mediators involved in checkpoint control, although Aurora-A kinase inhibition was reported to cause irreversible cell cycle arrest (Huck et al., 2010) .
Altogether, our results demonstrate that downregulation of TACC3 enhances the chemosensitivity to PTX and thereby provides a rationale for the combined targeting of centrosomal proteins and microtubule dynamics in the treatment of breast cancer through induction of cellular senescence. Such a growth-inhibiting effect was also reported recently following downregulation of other centrosome-associated proteins, including PCM-1 (pericentriolar material 1 protein) and pericentrin, that also predisposes cells to senescence without the induction of cell death (Srsen et al., 2006; Mikule et al., 2007) . In addition, reduction of centromeric protein A (CENP-A) and mitotic arrest deficientlike 1 (Mad2), a key checkpoint protein localized at inner kinetochores, triggers premature senescence (Prencipe et al., 2009; Maehara et al., 2010) . Based on the recent observation that pharmacological targeting of Aurora-A kinase by MLN8054 mimics cellular senescence induced by the knockdown of TACC3 (Huck et al., 2010; Figure 4b ), the Aurora A/TACC3 axis might be a decisive sensor of the mitotic spindle apparatus regulating commitment to premature senescence in order to prevent propagation of defective mitotic cells.
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